The performances of a radioimmunoassay method, a chemiluminescent immunoassay method, and a chemiluminescent-enzyme immunoassay method were evaluated for the analysis of cortisol and total thyroxine in blood samples obtained from dogs, cats, horses, and humans (reference samples). The analysis of cortisol in human and animal samples exhibited good precision, linearity, and recovery. The 3 methods gave comparable values for the ACTH-induced increase and the dexamethasone-induced decrease in cortisol concentrations in animal samples. The recoveries of total thyroxine from human samples, analyzed by the 3 methods, were comparable. However, the basal total thyroxine concentrations determined by the chemiluminescent immunoassay method were 30-40% lower than those determined by the radioimmunoassay and the chemiluminescent-enzyme immunoassay methods in animal samples. In both human and animal samples, the plot of thyroxine values obtained by the radioimmunoassay method against those obtained by the chemiluminescent immunoassay method or the chemiluminescent-enzyme immunoassay method was linear. However, although the slope of the radioimmunoassay versus chemiluminescent-enzyme immunoassay curve was close to unity, the slope of the radioimmunoassay versus chemiluminescent immunoassay curve was 0.6. This result suggests that, compared with the radioimmunoassay method, the chemiluminescent immunoassay method underestimated thyroxine values in animal samples but not in human samples. Although all 3 methods yielded comparable changes in thyroxine concentrations in response to thyroid stimulating hormone, they did not yield comparable thyroxine concentrations in response to T 3 suppression in dogs and cats.
I or 3 H-labeled hormones. RIA is a simple, rapid, and sensitive method for the measurements of thyroxine (T 4 ) and cortisol in both human and animal samples. The use of radioactive isotopes, however, requires appropriate licensing, storage facility, safety devices, and record keeping that increase the operating cost. Recently, several nonradioactive immunoassay methods such as a chemiluminescent immunoassay (CIA) a and a chemiluminescent-enzyme-immunoassay (CEIA) b methods have been developed for the analysis of hormones in blood samples. The detection limits reported for the nonradioactive methods have been reported to be comparable to or better than those for RIA methods. 2 The nonradioactive methods, however, have been validated only for human samples, and veterinary use of these assays has not yet been established.
The diagnosis of thyroid and adrenocortical disor-ders in animals requires appropriate analytical tests of pituitary, thyroid, and adrenal cortex. The plasma or serum concentrations of hormones 8, 11 are widely used to diagnose thyroid and adrenocortical diseases in animals. An abnormality in the regulation of the thyroid gland by the pituitary can be diagnosed by measuring thyroid stimulating hormone (TSH) concentration, T 3induced decrease in T 4 concentrations, and TSH-induced increase in T 4 or T 3 concentrations. 6, 8, 9, 11 A possible abnormality in the regulation of the adrenal cortex by the pituitary can be diagnosed by measuring ACTH concentration and ACTH-induced increase and dexamethasone-induced decrease in cortisol concentration. 7, 14 These tests are based on the accurate analysis of the respective hormones in animal samples. This study was conducted to validate the nonradioactive immunoassay methods, such as CIA and CEIA, for analyzing T 4 and cortisol concentrations in samples obtained from dogs, cats, and horses. An RIA b that has been validated for the analysis of hormones in human and in animal samples 3, 5, 14, 15 was used as the reference method. The performances of the nonradioactive methods were compared with the RIA for samples obtained from different animal species. Human control samples b,c containing cortisol and T 4 were also analyzed by the three immunoassays for reference hr after ACTH injection. Plasma was collected and analyzed values.
for cortisol concentration.
Materials and methods

Blood samples
Experimental animals. Disease-free dogs (15 male, 25 female), cats (12 female) and horses (20 female) were housed in the Veterinary Teaching Hospital of the University of Minnesota. The male and the female animals were grouped together. Blood samples from each animal were drawn into either a plain vacutainer tube for serum or into an ethylenediaminetetraacetic acid (EDTA) vacutainer tube for plasma. d The blood samples were centrifuged and serum or plasma was separated. The samples were stored frozen at -70 C for further use. Serum was used for the analysis of T 4 , and plasma was used for the analysis of cortisol.
Dexamethasone-injected dogs. Eight dogs were injected with a 0.01 mg/kg dose of dexamethasone by intravenous (IV) injection. Blood samples were collected in EDTA tubes before, 4 hr after, and 8 hr after the injection. The samples were centrifuged, and plasma was separated. The samples were stored at -70 C for further analysis.
TSH-injected dogs. Five dogs were administered TSH by IV injection (dose of 1 U in dogs weighing < 33 kg, 2 U in dogs weighing > 33 kg). Blood samples were collected in plain tubes before and 6 hr after drug administration. The samples were centrifuged, and serum was collected. The samples were stored frozen for further analysis.
T 3 -injected cats. Ten cats were administered 25 µg of T 3 IV. Blood samples were collected in plain tubes, and serum was separated as described above. Clinical subjects. Plasma or serum samples from dogs (n = 278, 70% female), cats (n = 150, 60% female), and horses (20 female) suspected of thyroid or adrenocortical disorders were submitted to the Minnesota Veterinary Diagnostic Laboratory for analysis of T 4 or cortisol. After initial analysis by RIA, the samples were frozen and stored at -70 C for further analysis.
ACTH-injected animals. Dogs (12 female, 8 male) and cats (10 female) were injected intramuscularly with a 1 U/lb (0.454 U/kg) dose of ACTH. Blood samples were collected into an EDTA tube before, at 1 hr after (cats only), and at 2 Spiked recovery and precision. Basal plasma (for cortisol) or serum (for T 4 ) samples obtained from each species were spiked with known concentrations of cortisol e and T 4 e . First, a stock solution containing a 1 mg/dl concentration of each hormone was prepared. The stock solution was then serially diluted with the basal plasma sample to achieve 0.1, 0.25, 0.5, 1, 2, 4, 6, 10, and 25 µg/dl hormone concentrations. The amount of hormone in the nonspiked and the spiked samples was determined by the 3 methods. Recovery was calculated by subtracting hormone concentration in the nonspiked samples from the concentration in the spiked samples. Percentage recovery was determined for each concentration. Variation min (for cortisol) or 60 min (for T 4 ) at 37 C. Then, the samples within an assay was determined by analyzing a set of samples were decanted and radioactivity was counted for 1 min in a in a single assay. Day-to-day variation was determined by gamma counter. f The concentration of cortisol or T 4 was analyzing a set of samples for 20 days. The coefficient of determined using regression analysis. f variation (CV) was determined for each set.
CEIA. CEIA kits b for cortisol and T 4 were used in this study. These kits used an automated analyzer that provided heterogeneous analysis of hormones. 2 This method utilizes an antibody-coated polystyrene bead enclosed within a test The samples were analyzed for cortisol and T 4 first by RIA unit for solid-phase immunoassay. The substrate used was and CIA and then by RIA and CEIA. The RIA results inphosphate ester of adamantyl dioxetane. Hydrolysis of this dicated that sample storage at -70 C and 2 freeze-thaw cycles substrate produces a sustained emission of light. For analysis,
Sample analysis
did not affect the hormone concentrations in both human a 200-µl aliquot of the treatment or the control sample was and animal samples. poured into the sample cup, and the sample cup was inserted RIA. RIA kits b for cortisol and T 4 were used in this study. into a sample holder and placed onto the loading platform. The kits use a solid-phase RIA in which the antibodies are Two test units were placed behind each sample holder. Then immobilized to the wall of a polypropylene tube. A 25-µl an assay sequence was initiated for sample analysis. The aliquot of the treatment, standard (supplied with the kit), or concentration of the hormones in control or treatment samcontrol sample was added to the coated tubes. Plain tubes ples was determined by using a calibration curve generated were used for determining the nonspecific binding and the by the software. f total counts. A 100-µl aliquot of 125 I-labeled cortisol or T 4 CIA. CIA kits a (produced from March to July 1994) for was added to each tube. The samples were incubated for 45 T 4 and cortisol were used in this study. This method involves modular systems consisting of a mechanical shaker, sample washer, and chemiluminescence photometer. The kits utilized antibody-coated beads for solid-phase immunoassay and an acridinum ester as the substrate. The hydrolysis of this substrate produces a flash of light. For analysis, a 25-µl aliquot of each sample was added to a plain 12-x 75-mm glass tube. Then, each tube received 1 antibody-coated bead. The samples were shaken at room temperature for 60 min and then mixed with 1 ml of a wash solution. The samples were washed 4-5 times with water. The washed tubes were placed in the photometer, and the intensity of light was measured. The bound complex was directly proportional to the photon output but inversely proportional to the hormone concentrations. A calibration curve was generated by using the standards samples provided with the kit. analysis of variance (ANOVA). 13 The significance of the difference between RIA and CIA or between RIA and CEIA values was determined with a t-test. A P value < 0.05 indicated significant difference between 2 means. Regression analysis and a nonparametric test for equality of distribution were used to determine whether values obtained by RIA, CIA, and CEIA had similar distributions. The data were also subjected to linear regression analysis for determining the CV, correlation coefficient (r), and the slope of the curve.
The percentage increase in cortisol and T 4 concentrations after ACTH and TSH injections, respectively, was determined by comparing the pre-and postinjection concentrations. The percentage decrease in cortisol and T 4 concentrations after dexamethasone and T 3 injections, respectively, was determined by comparing the post-and preinjection concentration. Mean, standard deviation, and significance between 2 means were determined with an ANOVA and a t-test. 13 
Results and discussion Precision and spiking recovery
The RIA yielded > 90% recovery of cortisol ( Fig. 1 ) and T 4 (Fig. 2 : A3 for dog samples, B3 for cat samples, C3 for horse samples, D3 for human samples) from spiked samples. The recovery was linear across the concentrations ranging from 0.25 to 25 µg/dl (Figs. 1,  2) . The inter-and intra-assay CV were ≤ 20%, which indicates good precision for both cortisol (Fig. 1 ) and T 4 (Fig. 2: A1 and A2 for dog samples, B1 and B2 for cat samples, C1 and C2 for horse samples, D1 and D2 for human samples). The CEIA also yielded > 90% recoveries of cortisol ( Fig. 1 ) and T 4 (Fig. 2) from spiked animal or human samples. The inter-and intra-assay CV was greater > 20% at 0.25 µg/dl but was ≤ 20% for 0.5-25 µg/dl (Figs. 1, 2) . The CIA recovered > 90% of the added T 4 from human samples (Fig. 2: D3 ) but recovered only 60% of the added T 4 from animal samples ( Fig. 2: A3, B3, C3) . Also, the RIA and the CEIA exhibited better precision than did the CIA (Fig. 2) , which suggests that good recovery, linearity, and precision was exhibited by 1) the analysis of cortisol in spiked human and animal samples by all 3 methods, 2) the analysis of T, in spiked human and animal samples by RIA and CEIA, and 3) the analysis of T 4 in human samples by CIA. However, the analysis of T 4 in spiked animal samples exhibited good linearity but relatively poor recovery.
In this study, the concentrations of cortisol or T 4 in animal samples were determined using a calibration curve generated by analyzing standards prepared with human samples. Therefore, comparable hornone-antibody binding in the human calibrator and the animal samples is essential for the accurate measurement of hormones in animal samples, particularly when samples from a variety of animal species are analyzed using the same calibration curve. This study indicated that cortisol antibodies used in all 3 methods and T 4 antibodies used in the RIA and the CEIA both-exhibited comparable hormone-binding in human and in animal samples. However, the CIA T 4 antibodies may exhibit greater T 4 binding in human samples than in animal samples, which suggests that for the CIA the human calibration samples may not be suitable for determining T 4 concentration in animal samples.
Basal T 4 and cortisol concentrations in samples obtained from experimental animals
T 4 concentrations in samples obtained from dogs, cats, and horses did not differ significantly, although the CIA provided significantly lower values than did the RIA and CEIA (Fig. 3) . The distribution of T 4 was linear when RIA values were plotted against the CIA or the CEIA values ( Fig. 4A-C) , although the slope of the CIA-RIA curve was significantly lower than that of the CEIA-RIA curve (Fig. 4A-C) . The regression analysis followed by the Kolmogorov-Smirnov tests indicated that the RIA and CEIA data exhibited sim- ilar distribution but the RIA and CIA data did not. The 95th percentile range was 1-4 µg/dl when analyzed by RIA and CEIA but was 0.6-2 µg/dl when analyzed by CIA. When the samples were analyzed by CIA, plasma T 4 concentration in approximately 70% of horse samples, 85% of cat samples, and 95% of dog samples fell within the range of 0-2 µg/dl. However, when samples were analyzed by RIA and CEIA, plasma T 4 concentrations in only 30-40% of the animal samples fell within the range of 0-2 µg/dl, and the rest exhibited significantly higher values. These observations suggest that the CIA may underestimate T 4 concentration in animal samples.
Plasma cortisol concentration in samples obtained from dogs and horses did not differ significantly (Fig.  5 ). Plasma cortisol concentration in samples obtained from cats was significantly greater than that obtained from dogs or horses (Fig. 5 ). The analysis of animal samples by all 3 methods gave similar plasma cortisol concentrations. The linear regression ( Fig. 4D-F ) and the Kolmogorov-Smirnov tests indicated that cortisol concentrations determined by the 3 methods exhibit similar distribution. The 95th percentile range was 1-5 µg/dl for dogs and horses and 1-10 µg/dl for cats.
Basal T 4 and cortisol concentrations in clinical samples
T 4 concentrations in clinical samples are shown in Figure 6 . A linear relationship (r ~ 1) was observed when the RIA values were plotted against the CEIA or CIA values. The slope of the RIA-CEIA curve was 1, but the slope of the RIA-CIA curve was approximately 0.6 ( Fig. 6 ), which suggests that the CIA method yielded lower T 4 concentrations than did the RIA method in animal samples. Unlike T 4 concentrations, cortisol concentrations were comparable when determined by RIA, CIA, or CEIA ( Fig. 7) .
TSH stimulation and T 3 suppression tests
TSH, a pituitary hormone, 6 induces the synthesis and the release of the thyroid hormones, T 4 and T 3 , 6 which increases the concentrations of T 4 , and T 3 in blood. An increased concentration of thyroid hormones in blood feeds back to the pituitary gland and inhibits the synthesis and release of TSH, which results in a decrease in blood TSH concentration. 6, 12 The TSH stimulation test, therefore, measures the ability of the thyroid to respond to exogenous TSH. Conversely, the T 3 suppression test measures the feedback response of the pituitary gland to exogenous T 3 , resulting in a decrease in TSH and T 4 concentrations. These tests are used to differentiate primary thyroid disorders due to thyroid gland failure from other defects in the pituitary-thyroid axis. 4 The results indicated that TSH administration significantly increased T 4 values in dogs ( Fig. 8A) and T 3 administration significantly decreased T 4 , values in cats (Fig. 8B) . The pre-and post-TSH T 4 concentrations determined by the CIA were significantly lower than those determined by the RIA or the CEIA. Although all 3 methods yielded comparable changes in T 4 concentrations in response to TSH stimulation, they did not yield comparable T 4 concentrations in response to T 3 suppression in dogs and cats, which suggests that the CIA may yield variable results at lower T 4 concentrations.
ACTH stimulation and dexamethasone inhibition tests
Cortisol secretion by the cells of zona fasciculata is stimulated by ACTH, which is under the regulation of hypothalamic corticotropin-releasing hormone. ACTH is under negative feedback regulation by cortisol or related drugs such as dexamethasone. Therefore, the concentration of cortisol is depressed and the concentration of ACTH is elevated in primary Addison's disease but the concentration of cortisol is increased and the concentration of ACTH is decreased in primary Cushing's disease. 1 The ACTH stimulation and dexamethasone inhibition tests are useful in differentiating primary and secondary adrenocortical disorders. This study indicated that ACTH caused a several-fold increase in cortisol in dogs 2 hours after injection ( Fig.  9A ) but caused only a slight increase in cortisol in cats 1.5 hours after injection that returned to the control level 2 hours after injection (Fig. 9B ). Cortisol concentrations were 80% and 60% lower than the control values at 4 and 8 hours after dexamethasone injection, respectively (Fig. 9C ). All three methods provided similar cortisol values in both dog and cat samples.
In conclusion, the performances of RIA, CEIA, and CIA were comparable for the quantitation of cortisol or T 4 in human samples and the quantitation of cortisol in animal samples. Analysis of animal samples by CIA provided significantly lower T 4 values than did RIA or CEIA in animal samples.
